a b s t r a c t Global brain ischemia can lead to widespread neuronal death and poor neurologic outcomes in patients. Despite detailed understanding of the cellular and molecular mechanisms mediating neuronal death following focal and global brain hypoxia-ischemia, treatments to reduce ischemia-induced brain injury remain elusive. One pathway central to neuronal death following global brain ischemia is mitochondrial dysfunction, one consequence of which is the cascade of intracellular events leading to mitochondrial outer membrane permeabilization. A novel approach to rescuing injured neurons from death involves targeting cellular membranes using a class of synthetic molecules called Pluronics. Pluronics are triblock copolymers of hydrophilic poly[ethylene oxide] (PEO) and hydrophobic poly[propylene oxide] (PPO). Evidence is accumulating to suggest that hydrophilic Pluronics rescue injured neurons from death following substrate deprivation by preventing mitochondrial dysfunction. Here, we will review current understanding of the nature of interaction of Pluronic molecules with biological membranes and the efficacy of F-68, an 80% hydrophilic Pluronic, in rescuing neurons from injury. We will review data indicating that F-68 reduces mitochondrial dysfunction and mitochondria-dependent death pathways in a model of neuronal injury in vitro, and present new evidence that F-68 acts directly on mitochondria to inhibit mitochondrial outer membrane permeabilization. Finally, we will present results of a pilot, proofof-principle study suggesting that F-68 is effective in reducing hippocampal injury induced by transient global ischemia in vivo. By targeting mitochondrial dysfunction, F-68 and other Pluronic molecules constitute an exciting new approach to rescuing neurons from acute injury.
Introduction
Mammalian forebrain neurons are exquisitely vulnerable to ischemia, which results in cellular deprivation of metabolic substrates and oxygen, termed hypoxia-ischemia (HI).
1 Focal brain HI, or stroke, arises from occlusion of an artery perfusing part of the brain, and can result in severe disability, depending on which brain regions have been affected. Global brain HI occurs during conditions of decreased perfusion to the entire forebrain, of which the most common causes are cardiac arrest in adults (Go et al., 2012) and perinatal asphyxia in children. Global brain HI can lead to widespread neuronal death and poor neurologic outcomes in 50% of adult survivors and to cerebral palsy and global developmental delay in infants. Despite detailed understanding of the cellular and molecular mechanisms mediating neuronal death following focal and global brain hypoxia-ischemia, clinical treatments to reduce HI-induced brain injury remain limited to thrombolysis for the former (Albers et al., 2011 ) and brain hypothermia for the latter (Hypothermia after Arrest Study Group, 2002; Jacobs et al., 2007) . Increasing evidence has identified the family of synthetic Pluronic molecules as a novel approach to rescuing neurons following acute injury, including after acute substrate deprivation. Here, we will review the properties of Pluronics, and present published and new evidence that hydrophilic Pluronics rescue neurons from substrate deprivation-induced death through actions on membranes, in particular those of mitochondria. All animal studies presented here were conducted in accordance with the National Institutes of Health guide for the care and use of laboratory animals.
2. Pluronic-mediated cellular rescue from injury: state of the art
The Pluronic molecule
Pluronics are synthetic copolymers of poly[ethylene oxide] (PEO) and poly[propylene oxide] (PPO), synthesized in a PEO m -PPO n -PEO m configuration, where m and n denote the number of monomers in a block (Fig. 1) . The PPO chain, by virtue of the methyl group on each monomer, is hydrophobic compared with the hydrophilic PEO chains. The members of the Pluronic family differ from one another in the lengths of the PEO and PPO chains and thus their relative hydrophobicity/hydrophilicity. The presence of a hydrophobic block between two hydrophilic blocks makes these tri-block co-polymers amphiphilic, and they are soluble in a variety of aqueous and organic solvents. Amphiphilicity confers upon Pluronics the property of interacting with lipid membranes. Importantly, these nonionic compounds are without reactive groups, save for the chain-end hydroxyl groups. At concentrations lower than the temperature-dependent critical micellar concentration (CMC), Pluronics exist as unimers, and gyrate through size-dependent hydrodynamic radii . At concentrations above the CMC, unimers begin to form micelles. At progressively higher concentrations, gels and other more compacted structures form .
Pluronic F-68 (F-68) is an 80% hydrophilic Pluronic, having the composition PEO 76 -PPO 29 -PEO 76 (8,600 Da), and has been employed in multiple studies of its cellular protection properties. At 37 C, the CMC of F-68 has been variably reported across two orders 1 Abbreviations: F-68: Pluronic F-68; GUV: giant unilamellar vesicle; POPC: 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPG: 1-palmitoyl-2-oleoyl-snglycero-3-(phosphor-rac-(1-glycerol)); Biotin-PE: 1,2-dioleoyl-sn-glycero-3-phosphoethanol-amine-N-(cap biotinyl); DHPE: 1,2-dihexa-decanoyl-sn-glycero-3-phosphoethanolamine; CMC: critical micellar concentration; OGD: Oxygenglucose deprivation; DJ m : mitochondrial membrane potential; MOMP: outer mitochondrial membrane permeabilization; OMM: outer mitochondrial membrane; MTT: thiazolyl blue tetrazolium bromide (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MEFs: mouse embryonic fibroblasts; MDH: malonate dehydrogenase; 2VO: two vessel occlusion; STORM: Stochastic Optical Reconstruction Microscopy; PCAs: posterior cerebral communicating arteries; 2VO-H: two vessel occlusion with induced systemic hypotension; aCSF: artificial cerebrospinal fluid. ICV: intra-cerebroventricular. of magnitude: from 125 mM (Maskarinec et al., 2002) , to 1.1 mM (Batrakova et al., 1998) , to as high 8 mM . This wide range has likely depended on the method employed and the polydispersity of the compound studied. Notably, unimeric Pluronics form neither ionic nor covalent bonds with other molecules and thus, Pluronic-membrane interactions are weak.
F-68 interactions with giant unilamellar vesicles (GUVs), a model membrane system, have been recently characterized with 1 H-Overhauser dynamic nuclear polarization-enhanced NRM spectroscopy, a novel approach to measuring the dynamics of water diffusion through the 10e20 Å thick hydration layer at the surface of a lipid membrane (Franck et al., 2013) . This study revealed that F-68 progressively decreases surface water diffusivity as a function of concentration up to the CMC, demonstrating Pluronic adsorption to the membrane surface. Comparison with PEO-only polymers demonstrates that the hydrophobic PPO block of F-68 plays an essential role in driving F-68 to effectively interact with the membrane surface .
F-68 as a membrane sealant: cellular and model vesicle studies
Initial studies of the interaction of hydrophilic Pluronics with membranes focused on the plasma membrane. F-68 was first reported to restore plasma membrane integrity in electroporated skeletal muscle cells (Lee et al., 1992) . Similarly, in cardiac myocytes of dystrophin-deficient mice, a model of Duchenne's muscular dystrophy in which stretching of cardiac myocytes disrupts sarcolemma integrity and decreases contractility, F-68 restores sarcolemmal integrity and improves cardiac contractility in vitro and in vivo (Yasuda et al., 2005) . In in vitro models of traumatic brain injury, F-68 prevents fluid shear stress-induced axonal beading, a morphological hallmark of diffuse axonal injury (Kilinc et al., 2007 (Kilinc et al., , 2009 , and inhibits trauma induced plasma membrane disruption (Serbest et al., 2005a (Serbest et al., , 2005b .
Neurons die following HI through multiple mechanisms, including excitotoxicity-induced, calcium-dependent activation of multiple intracellular processes, increased production of reactive oxygen species, membrane lipid peroxidation, and mitochondrial dysfunction. Since the seminal publications by Ankarcrona et al. (1995) and Bonfoco et al. (1995) , the nature of excitotoxic neuronal death has been recognized to depend on the severity of the insult and the subsequent mitochondrial response , such that severe insults result in necrosis and less severe insults lead to activation of forms (Green, 2016) of programmed cell death.
The early findings that F-68 acted on the plasma membrane prompted us initially to ask whether F-68 could reduce neuronal injury following insults resulting in, presumably, necrosis and loss of plasma membrane integrity (Marks et al., 2001) . Using cultured embryonic (E18.5) rat hippocampal neurons, we induced neuronal injury using brief (15 min) exposures to stimuli known to induce mechanisms of neuronal death following HI. Specifically, we used high concentrations of N-methyl-D-aspartate (300 mM), kainate (100 mM), menadione (30 mM, a generator of superoxide), or tertbutyl-hydroperoxide (100 mM, to induce lipid peroxidation), and added F-68 to neurons after the exposure had been completed ( Fig. 2A) . Each of these stimuli reduced neuronal survival to about 40%. After 48 hrs of incubation, F-68 provided near-complete neuronal rescue from each of these insults, in a dose-dependent manner, such that efficacy peaked at 30 mM, decreasing at higher concentrations (Fig. 2C ). This decreased efficacy of F-68 at higher concentrations is most simply explained by the formation of copolymer micelles near its temperature-dependent CMC and removal of co-polymers from the bulk phase, although concentration-dependent effects may not be clarified at this level of endpoints. Importantly, delaying addition of F-68 to neurons for up to eight hours after injury still produced significant neuronal rescue (Fig. 2B) .
To better understand whether F-68 interacted with the plasma membrane, we applied F-68 to bovine adrenal chromaffin cells, and measured induced changes of membrane capacitance, a sensitive probe of plasma membrane surface area (Augustine and Neher, 1992; Neher and Marty, 1982) . We used poly(ethylene) oxide (PEG, 8000 Da) as a control polymer of similar molecular weight, which cannot insert into membranes. F-68 (30 mM) increased whole cell capacitance significantly more than PEG (Fig. 2D) , indicating that F-68 increased membrane surface area, perhaps by having inserted into the plasma membrane. Finally, application of F-68 to neurons immediately after electroporation, prevented loss of intracellular dye through electro-pores (Fig. 2E) . These latter observations were consistent with the prevailing idea that F-68 inserted into damaged plasma membrane and restored plasma membrane integrity through membrane sealing (Lee et al., 1992 (Lee et al., , 1993 Mina et al., 2009; Ng et al., 2008; Terry et al., 1999; Yasuda et al., 2005) .
To directly determine the interaction of F-68 with the plasma membrane, we employed fluorescent dye-loaded GUVs (made up of POPC, POPG, Biotin-PE, and Texas Red-tagged DHPE in 88/10/1/ 1 mol ratio) as a highly-reduced model of the plasma membrane, and induced loss of membrane integrity with hypo-osmotic stress (Wang et al., 2010) . When incubated in hypo-osmolar solutions, GUVs initially swelled elastically, and then demonstrated dye leakage through membrane pores induced by decreased lipid packing density in response to swelling. In the presence of F-68 (50 mM), the period of elastic swelling was increased (Wang et al., 2010) . However, F-68 failed to block or significantly inhibit dye leakage (Wang et al., 2010) , suggesting that a simple model of plasma membrane sealing is inadequate to explain the neuronal rescue properties of F-68.
F-68 inhibits apoptosis following acute substrate deprivation
Because F-68 rescued cultured hippocampal neurons following induction of mechanisms contributing to neuronal death, we determined its efficacy in rescuing neurons following severe oxygen-glucose deprivation (OGD), a widely used in vitro model of HI-induced brain injury. In this paradigm (30e60 min of exposure to glucose-free, bicarbonate-buffered solutions equilibrated with 1% O 2 ), neurons die stochastically over 48 hrs to an extent determined by the duration of OGD (Fig. 3A) . Death following OGD was prevented by caspase inhibitors, and preceded by Annexin V and TUNEL staining in the majority of neurons, demonstrating that OGD-induced death via apoptosis (Shelat et al., 2013) . Incubation of neurons in F-68 (300 nM e 100 mM) for 48 hrs after OGD rescued neurons from death in a dose-dependent manner (Fig. 3B) , with complete rescue occurring following 30 or 45 min OGD with 30 mM F-68 (Fig. 3C) . Following 60 min OGD, F-68 (30 mM) rescued all neurons that had not died within an hour of insult (Fig. 3C) . Thus, F-68 profoundly inhibits OGD-induced apoptosis. In addition, the number of neurons exhibiting TUNEL and Annexin V staining were not significantly different in F-68 treated neurons following OGD from those in control neurons (Shelat et al., 2013) .
Importantly, F-68 induced rescue was equally effective when administration was delayed as long as 12 hrs after insult (Fig. 3D ). As we observed cleavage of fluorescent caspase substrates six hrs after OGD in neurons not treated with F-68 (Shelat et al., 2013) , this late rescue raised the possibility that F-68 overcame early caspase activation. Indeed, following OGD exposure, delay of F-68 treatment for 12 hrs returned the number of caspase activation-positive neurons to control levels (Shelat et al., 2013) .
F-68 acts on mitochondria to inhibit OGD-induced apoptosis
In vitro, neuronal apoptosis following substrate deprivation occurs via the intrinsic apoptotic pathway (Ma et al., 2013; Wiessner et al., 2000; Zhang et al., 2015; Zhou et al., 2013 ). This pathway is characterized by mitochondrial dysfunction (Luo et al., 2013) and loss of mitochondrial membrane potential (DJ m , Zhao et al., 2013) , decreased mitochondrial outer membrane permeability (Zhao et al., 2014) , and release of mitochondrial pro-apoptotic factors, including cytochrome c, apoptosis-inducing factor, and others into (NMDA, kainate) and oxidative (menadione, tert-butyl-hydroperoxide) insults resulting in necrosis. Hippocampal neurons were used for all stimuli except kainate (100 mM), when cultured embryonic cerebellar Purkinje neurons were used. Statistical significance between groups (yP < 0.0001, toxin treatment vs. control; *P < 0.001, toxin with F-68 vs. toxin alone) determined with the likelihood ratio test (with correction for multiple comparisons) following overall significance by logistic regression. B. Survival of hippocampal neurons following NMDA and increasing delays between NMDA and addition of F-68 to the cultures (yP < 0.0001, NMDA vs. control *P < 0.001, F-68 vs NMDA). C. Mean neuronal survival (±SEM) of hippocampal neurons 48 h following NMDA (300 mM for 15 min), followed by different concentrations of F-68 in the media. Sham represents 15-min incubation in HEPES-buffered saline. Statistical significance between groups (yP < 0.001, NMDA vs. control; *P < 0.001, NMDA vs control) determined as in (B) above. D. Increases in whole-cell capacitance by F-68 and PEG. Superimposed traces of continuous changes in capacitance over time of bovine adrenal chromaffin cells in response to perfusion (bar) of F-68 (100 mM) and PEG (mw 8,400 100 mM). Baseline capacitance is 5.1 ± 0.28 pF (SEM, n ¼ 8). Traces have been superimposed so that baseline capacitance values and stimulation onsets overlap. the cytosol (Munoz-Pinedo et al., 2006) . Because F-68 treatment rescued neurons from OGD-induced apoptosis, we asked whether F-68 acted on this mitochondrial pathway. Fluorescent imaging of individual, TMRM-loaded neurons six hrs after OGD, in the presence and absence of F-68, demonstrated that F-68 prevented both the OGD-induced cytochrome c release ( Fig. 4A and B) and DJ m dissipation ( Fig. 4C) , returning both to control levels. This was the first evidence that F-68 blocks OGD-induced mitochondrial apoptosis (Shelat et al., 2013) .
The F-68-induced blockade of mitochondrial apoptosis suggested that F-68 may act on mechanisms leading to mitochondrial outer membrane permeabilization (MOMP). MOMP is regulated by Bcl-2 protein family members (Perera et al., 2012) . Onset of OMM permeabilization occurs when anti-apoptotic BCL2 proteins (including Bcl-xL, Bcl-2 and Mcl-1) are sufficiently inhibited by BH3-only proteins (including BIM, PUMA, NOXA, and BAD) to allow recruitment of BAX to the OMM and activation of it and its homolog, BAK, in the OMM (Hardwick and Soane, 2013) . Activation of these multi-BH domain-containing effector proteins is followed by their association into pore-associated oligomers and OMM permeabilization (Iyer et al., 2016) . In neurons, which express a BH3-only splice variant of BAK, termed N-BAK (Sun et al., 2001) , the role of BAK in ischemia-induced neuronal death may be limited to its dissociation from the mitofusin Mfn-2 to induce mitochondrial fragmentation (Brooks et al., 2007) or, in some injury models, be protective (Fannjiang et al., 2003) .
An early step in MOMP induction is the translocation of BAX from the cytosol to the OMM. We determined whether F-68 altered this translocation. We used cultured rat embryonic hippocampal neurons expressing adenovirus-transduced, mitochondrially targeted eGFP (mito-GFP). These neurons were subjected to OGD or not, and treated with F-68 or not. At 6 hrs after insult, neurons were fluorescently immunostained for BAX using an antibody not specific for BAX activation, and neurons imaged with confocal microscopy. To quantify colocalization on a cell-by-cell basis, unbiased intensity correlation analysis was performed, reported as the Manders coefficient (Manders et al., 1993) . In control neurons, mito-GFP exhibited interconnected worm-like structures consistent with healthy mitochondria, and BAX immunoreactivity was primarily cytosolic (Fig. 5A) . In contrast, OGD-treated cells exhibited rounded, coalesced mitochondria, and BAX immunoreactivity was similarly coalesced into large puncta, overlapping with mito-GFP (Fig. 5A) . In neurons treated with F-68 (30 mM) after OGD, mitochondrial morphology and the distribution of BAX immunoreactivity were indistinguishable from that seen in control neurons (Fig. 5A ). Mean Manders co-localization coefficient between BAX and mitochondria was markedly and significantly increased in OGD-treated neurons compared with control (Fig. 5B) . However, in F-68 treated neurons, the mean Manders co-localization coefficient was not significantly different from control (Fig. 5B) . These data suggest that F-68 both inhibits BAX translocation to mitochondria and preserves, at the light microscopic level, mitochondrial morphology. Similar evidence for F-68-mediated inhibition of BAX translocation was obtained using cytosolic and heavy membrane fractions isolated without detergent from cultured embryonic neurons following exposure to OGD or not, with subsequent treatment with F-68 or not (Fig. 5C ). Western blots of BAX immunoreactivity demonstrated that OGD markedly increased BAX immunoreactivity in the heavy membrane fraction (Fig. 5D) , and significantly decreased BAX immunoreactivity in the cytosol (Fig. 5E ), indicating translocation from cytosol to mitochondria. In contrast, in neurons incubated in F-68 for 6 hrs after OGD, mitochondrial BAX immunoreactivity was not significantly decreased compared with OGD alone (Fig. 5D ). These two lines of evidence strongly suggest that F-68 prevents MOMP initiation through inhibition of BAX translocation following OGD. However, whether F-68 acts directly on mitochondria, or upstream of BAX activation remained unclear.
F-68-induced protection from OGD has recently been reported in cortical neurons (Luo et al., 2015) , with important methodological differences. First, in that work, OGD was induced with a BillupsRothenberg chamber, in which the aqueous media containing cells gradually equilibrates with the gases flushed through the chamber. This approach results in a gradual decrease in pO 2 in the media, in contrast with the acute drop we induced. Second, neurons were incubated in F-68 prior to and during OGD, rather than after OGD. Finally, neuronal survival was measured 10 min after OGD, rather than at 48 h after OGD. Nonetheless, F-68 (10e100 mM) reduced acute neuronal death as quantified by LDH release and MTT assay. Notably, Western Blot studies demonstrated that F-68 decreased cytochrome c release into the cytosol and inhibited caspase-3 activation. The survival data in the Luo et al. (2015) study were derived from measures more commonly used to measure necrotic death. In addition, the data presented do not address the extent to which the OGD paradigm employed induced caspase-dependent death. Nonetheless, the F-68-induced protection of neurons from OGD suggests that F-68 may act through mechanisms similar to those we have reported.
Interaction of F-68 with mitochondria and in vivo efficacy
From the above, current understanding of the mechanisms by which hydrophilic Pluronics rescue neurons from acute substrate deprivation may be summarized: 1) Pluronics interact with phospholipid bilayers, including the plasma membrane and mitochondrial membranes; 2) Pluronic F-68 acts on mitochondria after injury, preventing BAX translocation from cytosol to mitochondria and loss of DJ m , blocking release of cytochrome c from the IMM, and preventing activation of caspases. Taken together, these GFP (green) and stained for BAX immunoreactivity (red). Scale bar, 10 mm. Note the greater overlap of BAX immunoreactivity with mitochondria after OGD but not OGD followed by F-68. B. Mean Manders coefficients (±SD) between BAX and mito-GFP immunoreactivity, demonstrating increased co-localization of BAX with mitochondria after OGD but not after OGD followed by F-68 (30 mM) C. Representative Western blots of BAX immunoreactivity in heavy membrane and cytosolic fractions of neurons subjected to control or OGD 6 hrs previously. Blots were stripped and blotted with the mitochondrial marker COX IV and the cytosolic marker GAPDH to identify fractions and normalize intensities for protein loading. D, E, Quantification of BAX immunoreactivity in heavy membrane (D) and cytosolic (E) fractions. Data are expressed as means (±SD) of ratios of BAX/COX IV or BAX/GAPDH. Copyright The Journal of Neuroscience. Reproduced with permission.
observations suggest that Pluronic F-68 inhibits MOMP through direct interaction with mitochondria. To test this hypothesis, we performed in vitro experiments to study F-68 actions on MOMP directly, and to visualize localization of F-68 in injured neurons. For these studies, we purified the F-68 obtained from BASF to remove the approximately 15% poly(ethylene oxide)-poly(propylene oxide) diblock copolymer, and other, low molecular weight compounds that are present in raw F-68.
Finally, to understand whether F-68-induced neuronal rescue in vitro occurs in vivo, we performed a proof-of-principle study to understand whether F-68 could rescue neurons following hypoxiaischemia in vivo. Here, we employed the Mongolian gerbil model of global forebrain ischemia, after which animals were administered continuous infusions of F-68 or placebo into the cerebral ventricle, and their anatomic and behavioral outcomes assessed three weeks after injury.
Methods

Materials
Pluronic F-68 was obtained from BASF. Mouse embryonic fibroblasts (MEFs) were obtained from ATCC. Cell culture media and supplements, anti-cytochrome oxidase subunit IV (RRID: AB_2535839), and fluorescence-tagged secondary antibodies were from Invitrogen. Anti-TOM20 (RRID: AB_628381) was from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-malate dehydrogenase 2 (RRID: AB_2535880) was from Fisher Scientific. Anti-GRP78/BiP (RRID: AB_2571635) was from Abcam. All other chemicals were from Sigma (St. Louis, MO).
Purification of raw F-68
Raw Pluronic F-68 was purified of residual poly(ethylene oxide)-poly(propylene oxide) diblock copolymer and other, low molecular weight compounds by dialysis against dichloromethane, methanol, and finally water in a 10 kDa membrane. The resulting polydispersity index was <1.2.
Isolation and purification of rat brain mitochondria
Brain mitochondria were isolated in mannitol-sucrose medium and purified on a discontinuous Percoll gradient according to standard procedures performed at 4 C in the presence of a cocktail of protease inhibitors (Sims and Anderson, 2008) . The cerebral cortices from a male Sprague-Dawley rat (250 g) were briefly homogenized in isolation buffer containing 225 mM mannitol, 75 mM sucrose, 0.1% bovine serum albumin (BSA, free fatty acid-free), 1 mM EGTA, and 10 mM HEPES, pH 7.4, and cleared by centrifugation at 1300Âg for 3 min. The cleared homogenate was mechanically disrupted with nitrogen cavitation at 500 psi for 30 min, centrifuged at 30,700Âg in 24% Percoll, and the resulting pellet layered onto a discontinuous Percoll gradient of 15%, 25%, and 40% and centrifuged at 30,700xg. The fraction containing mitochondria was washed twice in isolation buffer by centrifugation at 16,700Âg to produce a loose pellet. This pellet was washed and pelleted twice more by centrifugation at 7000Âg in isolation buffer, then resuspended, and an aliquot taken for assay of protein concentration. Mitochondria were suspended in fatty acid-free bovine serum albumin (0.5%) at a final concentration of 20 mg/ml. Western blots of proteins localized to the mitochondria (Tom20, COX4), cytosol (GAPDH), and ER (GRP78/BiP) were performed on aliquots from the whole brain homogenate and the mitochondrial fraction were compared to determine purity.
tBID induction of MOMP in isolated mitochondria
Mitochondria (30 mg) were incubated for 30 min at 37º C with 1.5 nM recombinant mouse, caspase-8-cleaved BID (tBID, R&D Systems. Minneapolis, MN) and the caspase inhibitor BocAspFMK (10 mM), in a buffer containing (in mM) KCl 125, MgCl 2 0.5, succinate 3.0, glutamate 3.0, HEPES 10, pH 7.4, fatty acid-free BSA 1 mg/mL, and a cocktail of protease inhibitors. Samples were centrifuged at 16,000Âg for 5 min at 4 C and the supernatant frozen at À80 C.
Measurement of cytochrome c release
A solid phase ELISA kit for detection of rodent cytochrome c (Quantikine, R&D Systems) was used to measure cytochrome c release in duplicate from isolated CNS mitochondria (30 mg protein/ sample) according to the manufacturer's instructions. We used alamethicin to permeabilize the membrane to determine maximal cytochrome c release (Brustovetsky et al., 2002 (Brustovetsky et al., , 2003 .
Induction of MOMP in MEFs and measurement of MEF survival
Equal numbers of MEFs were plated in white 96-well plates and allowed to proliferate for 24 hrs. Following 24 hrs of incubation in staurosporine in the presence of varying concentrations of F-68, a luminometric assay of total ATP was performed (CellTiter-Glo, Promega, Madison, WI) in triplicate according to the manufacturer's instructions. Luminescence counts were normalized to those of untreated wells and expressed as a percent.
Synthesis of fluorescently-labeled a-amino-u-BODIPY-Pluronic
F-68 (BODIPY-F-68-NH 2 )
Synthesis of this fluorescent, paraformaldehyde-fixable Pluronic derivative was achieved by first synthesizing a,u-bis(amino)-Pluronic F-68, followed by conjugating BODIPY FL-C5 NHS ester in a low molar ratio to produce a degree of dye labeling < 1 dye molecule per co-polymer molecule. Synthesis of a,u-bis(amino)-Pluronic F-68.
Pluronic F-68 (5.0 g, 0.60 mmol), anhydrous triethylamine (0.5 mL), and anhydrous dichloromethane (50 mL) were combined. 4-Toluenesulfonyl chloride (692 mg, 3.60 mmol) was added, stirred under N 2 for 24 hrs and concentrated by rotary evaporation to afford the Pluronic F-68-bis(tosylate). This compound, combined with sodium azide (844.4 mg, 13.0 mmol), and water (50 mL), was heated to reflux for 45 hrs, allowed to cool to room temperature, then dialyzed against water with a 3.5 kDa membrane and lyophilized, producing a,u-bis(azido)-Pluronic F-68 as a fluffy white powder in 89% yield. Next, the azide-functionalized Pluronic F-68 (4.1 g, 0.50 mmol) and triphenylphosphine were dissolved in THF (50 mL) and stirred at room temperature under N 2 for 30 min. Water (5 mL) was added and the solution stirred at room temperature under N 2 for 18 h. The mixture was concentrated by rotary evaporation, and the crude polymer residue purified by dialysis against dichloromethane, methanol, and finally water in a 10 kDa membrane. The aqueous polymer solution was filtered and lyophilized to give a,u-bis(amino)-Pluronic F-68 as a fluffy white solid in a 33% yield. Synthesis of fluorescently-labeled a-amino-u-BODIPYPluronic F-68. a,u-Bis(amino)-Pluronic F-68 (134 mg, 0.016 mmol) was dissolved in 200 mM sodium bicarbonate buffer (13 mL, pH 9). A solution of BODIPY ® FL-C5 NHS ester (5.0 mg, 0.013 mmol) in DMSO (0.5 mL) was added to the vial and the resulting solution stirred at room temperature under N 2 protected from light. After 18 hrs, the polymer-dye conjugate was dialyzed extensively against water in a 3.5 kDa membrane. The conjugate solution was filtered through a 0.45 mm cellulose acetate membrane and a-amino-u-BODIPY-Pluronic F-68 was isolated by lyophilization in 82% yield.
Absorption at 504 nm confirmed BODIPY conjugation, and the molar ratio of BODIPY to Pluronic was estimated to be 0.105, verifying the heterobifunctionality of the a-amino-u-BODIPY-Pluronic F-68 sample.
Cultured embryonic hippocampal neurons
Hippocampal neurons from embryonic day 18 Sprague-Dawley rats were isolated, cultured on glass coverslips and maintained in Neurobasal medium with B27 supplement as previously reported (Plant et al., 2011; Shelat et al., 2013; Suresh et al., 2016) .
Oxygen-glucose deprivation. Oxygen-glucose deprivation (OGD) was induced in cultured neurons as previously reported (Shelat et al., 2013) . Briefly, the O 2 and CO 2 tensions of glucose-free, bicarbonate-buffered saline was equilibrated overnight in a humidified chamber (Coy Laboratory Products, Grass Lake, MI) containing a 37 C humidified atmosphere containing 1% O 2 and 5% CO 2 . Cultured neurons at 10e15 days in vitro were incubated in equilibrated buffer for 45 min. Placebo-treated neurons were incubated in an otherwise identical, glucose-containing buffer in a standard CO 2 containing incubator at 37 C for 45 min. Following incubation, coverslips were placed back in their original media in the incubator containing BODIPY FL-F-68 e NH 2 (30 mM).
Immunohistochemistry
Neurons were processed for immunohistochemistry as previously reported (Plant et al., 2012 (Plant et al., , 2016 Shelat et al., 2013) . Paraformaldehyde-fixed neurons were permeabilized with Triton X-100 (0.2%), and non-specific antibody binding blocked with serum of the species in which the secondary antibodies were raised. Neurons were incubated with anti-Tom20 to demarcate the OMM and anti-MDH2 to identify the mitochondrial matrix. MDH2 immunoreactivity was detected with Alexa 568-labeled goat antimouse IgG1-specific antibody and Tom20 detected with Alexa 647-labeled goat anti-mouse IgG2a-specific antibody. Preliminary studies demonstrated no cross-reactivity between subclass-specific IgGs.
Super-resolution imaging and analysis
Coverslips containing neurons were mounted in mercaptoethylamine (100 mM) and imaged at 30 Hz on the stage of a Leica SR GSD 3D microscope using a 160Â, 1.43 N.A. objective and a Prime 95B CMOS camera (Roper Scientific). The fluorophores in the preparation (Alexa Fluor 647, Alexa Fluor 568, and BODIPY FL) were sequentially excited using ground state depletion microscopy with 642 nm, 532 nm, and 488 nm lasers, respectively, to generate fluorescent events from single fluorophore molecules. Events were localized using the thunderSTORM plugin (Ovesny et al., 2014) within the FIJI distribution of ImageJ (Schneider et al., 2012) to produce reconstructed image stacks of 800 mm thick volumes as 20, 50 mm-thick slices. XY resolution for this super-resolution imaging was mapped at 20 nm. Image stacks were reconstructed in three dimensions with Imaris (Bitplane AG, Zurich, Switzerland).
Induction of global brain ischemia
Global forebrain ischemia of male Mongolian gerbils (M. unguiculatus, 70e80 g) was performed as previously reported (Seal et al., 2006) using bilateral carotid artery occlusion under isoflurane anesthesia (4% induction, 0.5e1% maintenance) and constant striatal temperature control (36 C), with the addition of transient systemic hypotension. Mean arterial blood pressure was continuously monitored via a femoral artery catheter. Blood (1e2 mL) was slowly withdrawn to reduce mean blood pressure to less than 50% of mean baseline pressure. Next, both carotid arteries were occluded with vascular clamps for 3 min. Immediately after restoration of bilateral carotid blood flow was confirmed, the withdrawn blood was slowly infused into the femoral artery and blood pressure monitoring continued. Control animals were subjected to a sham operation in which the same surgical procedures were performed without blood withdrawal or carotid occlusion.
Intra-cerebroventricular administration of F-68/placebo
Following completion of forebrain ischemia or sham operation, and under continuing brain temperature control, a brain infusion cannula was stereotaxically placed into the left lateral cerebral ventricle through a small burr hole in the skull and connected to an osmotic pump containing either artificial cerebrospinal fluid (aCSF, in mM: Na 154, KCl 3.0, Ca 1.4, Mg 0.9, Cl 136, PO 4 1.0) or F-68 (10 mM in aCSF). The pump was subsequently placed under the skin at the back of the neck. The osmotic pump delivered its contents at 1 ml/h for seven days. To prevent post-operative hypothermia, animals spent the first post-operative three hours in an isolette maintained at 35 C. The surgeon was unaware of the contents of the osmotic pump. After the seven day drug administration period, animals were maintained for a further 14 or 21 days, for histological or behavioral assessment, respectively.
Determination of hippocampal CA1 death
Neuronal death in the CA1 region was quantified as previously reported (Seal et al., 2006) by two counters unaware of the treatment conditions of the animal. Differences between groups were analyzed with ANOVA, and post-hoc differences tested and corrected for multiple comparisons with Bonferroni.
Measurement of spatial learning and memory
To measure hippocampus-dependent spatial learning and memory, we used the Morris water maze, which requires animals to use spatial cues to swim to a hidden platform (Morris, 1984) . After one day of acclimatization to the environment, and one day training with a visible platform, animals received two blocks of four trials with the hidden platform daily for two days. The swimming path of each gerbil was monitored by an overhead video camera connected to a personal computer running a tracking system computer program (Anymaze, Stoelting, Wood dale, IL). A trial was terminated when the gerbil climbed onto the platform or had been swimming for 60 s. Each animal's swimming distances were averaged per training session, and the mean distances of the treatment cohort averaged and plotted as a function of training session. On the fifth day, gerbils underwent a 60 s-duration probe trial, in which the hidden platform was removed, and the time the animals spent in the quadrant of the pool in which the platform had been located was measured.
Statistical analyses
Statistical analyses were performed with GraphPad Prism 6.07 (GraphPad, La Jolla, CA) . Differences between groups were analyzed by ANOVA followed by the Holm-Sidak multiple comparison test.
Results
F-68 interacts directly with mitochondria
We performed three new sets of experiments to understand F-68 interaction with mitochondria and the induction of MOMP. To examine MOMP induction directly, we employed isolated rat cortical mitochondria (Fig. 6A) , and induced MOMP by incubating mitochondria in caspase-8 cleaved BID (t-BID), quantifying its extent by measuring cytochrome c release (Kuwana et al., 2002; Llambi et al., 2011) . Mean baseline cytochrome c release in the absence of tBID or F-68 was 0.65 ± 0.06 (SEM) ng/mg mitochondrial protein, and this spontaneous release was not significantly different from release in the presence of F-68 (30 mM, 0.59 ± 0.03 SEM ng/mg protein). In response to tBID (30 nM), cytochrome c release significantly increased over spontaneous release (0.46 ± 0.03 ng/mg protein). In the presence of F-68, tBID-induced cytochrome c release significantly decreased in a dose-dependent fashion (N ¼ 3, F (4,10) ¼ 10.51, p ¼ 0.001). At <10 mM, F-68 had no effect on cytochrome c release. However, in the presence of increasing F-68 concentrations, cytochrome c release significantly and progressively decreased (Fig. 6B) . Similar to our neuronal rescue studies, 100 mM F-68 was less effective than 30 mM. Because tBID acts directly on mitochondria to induce MOMP, these data indicate that F-68 acts at the mitochondrion to inhibit MOMP.
We next wished to induce MOMP in intact cells without the complex ionic (Luo et al., 2008; Medvedeva et al., 2009; Stanika et al., 2009) , oxidative (Fukui and Zhu, 2010; Niatsetskaya et al., 2012) , signal transduction (S anchez-G omez et al., 2011), and metabolic (Connolly et al., 2014; Pivovarova and Andrews, 2010) cascades of intracellular events that accompany substrate deprivation in neurons, including OGD. Accordingly, as a cellular model of MOMP, we used the stereotypical response of mouse embryonic fibroblasts (MEFs) to staurosporine, a broad range kinase inhibitor that, in the absence of Bcl-2 overexpression, induces cytochrome c release (Hamacher-Brady and Brady, 2015; Rehm et al., 2009 ) and caspase-9-dependent apoptosis (Manns et al., 2011) . MEFs grown in 96-well plates were exposed to staurosporine (30 nM) or not in the presence and absence of a range of F-68 concentrations for 24 hrs, and survival measured. Staurosporine exposure killed 25% of cells present in control wells at 24 hrs. Co-incubation of cells with F-68 significantly decreased cell death in a dose-dependent fashion (Fig. 6C) , at the minimal effective concentration of 10 mM. Unlike our studies in isolated mitochondria, 100 mM was not less effective than 30 mM. The data from this model system of MOMP-induced death suggests that F-68 decreased staurosporine-induced MOMP.
The above results predict that, in order to inhibit MOMP and maintain DJ m following OGD, F-68 interacts with mitochondria.
Accordingly, we employed super-resolution microscopy to image F-68 localization in neurons by synthesizing a fixable, fluorescent derivative of F-68 (BODIPY-F-68-NH 2 ). Cultured embryonic hippocampal neurons were exposed to OGD or control buffer for 45 min, and then incubated in BODIPY-F-68-NH 2 for 2 hrs. Neurons were then fixed and double immuno-stained for TOM20, a marker of the OMM (detected with Alexa Fluor 647), and malonate dehydrogenase (MDH), present in the mitochondrial matrix (detected with Alexa Fluor 568). BODIPY FL and these fluorophores were chosen because we found that each photo-switches stochastically under appropriate illumination, providing sub-diffraction imaging (Bretschneider et al., 2007) . Neurons were imaged with Ground State Depletion microscopy and fluorescent events mapped with Stochastic Optical Reconstruction to near 20 nm localization in XY planes, and <200 nm in the Z plane. For each fluorophore, between 500,000 and 750,000 fluorescent events were collected over 40,000e60,000 frames. In both control and OGD-exposed neurons, immunoreactivity of the OMM at super resolution was punctate rather than continuous. We could not find staining conditions that produced continuous fluorescent structures. Three-color super-resolution imaging clearly distinguished OMM from mitochondrial matrix. In control neurons, TOM20 punctate immunoreactivity outlined elongated structures with closely apposed MDH immunoreactive puncta (Fig. 7, inset) . Three dimensional rendering demonstrated long, interconnected tubular TOM20 structures containing MDH (Fig. 7,  3D render) . In OGD-exposed neurons, however, TOM20 immunoreactive puncta enclosed small, disconnected circular structures enclosing MDH immunoreactive puncta (Fig. 8, inset) . In both conditions, these structures and relationships are consistent with the OMM enclosing the mitochondrial matrix, and with the Fig. 6 . F-68 interacts directly with mitochondria. A. Representative Western blot of heavy membrane fraction and whole lysate from a rat brain demonstrating that the heavy membrane fraction in enriched in mitochondria. Immunoreactivity for BiP, an ER marker, and GAPDH, a cytosol marker are virtually absent from the heavy membrane fraction, while two mitochondrion-specific markers, TOM20 and COX4, are enriched. B. F-68 inhibits tBID-induced cytochrome c release in a concentration dependent fashion. ***P < 0.0001, **P < 0.001, *P < 0.01 compared with tBID-induced release. C. Staurosporine induced death of wild type mouse embryonic fibroblasts, which occurs through activation of MOMP, is inhibited by F-68 in a dose-dependent fashion. STS: staurosporine. ****P < 0.0001 compared with control: **P < 0.001, *P < 0.01 compared with staurosporine.
classically described fragmented and rounded mitochondrial morphology following OGD.
In control neurons, we observed few, if any F-68 molecules (Fig. 7, 3D render) . In contrast, F-68 molecules were highly abundant in association with OGD-exposed neurons. Here, F-68 molecules primarily localized to mitochondria, in close association with the OMM, as delineated by TOM20 staining (Fig. 8, inset, 3D render, green). In contrast, few F-68 molecules within mitochondria were noted to co-localize with MDH (matrix) immunoreactivity. Finally, some F-68 puncta were not localized to mitochondria (Fig. 8, 3D render, cyan). These extra-mitochondrial puncta were, in general, smaller than the TOM20-associated F-68 puncta. This dataset (5 biological replicates, 10 images per replicate group on 2 coverslips each) suggest that F-68 localizes to neuronal mitochondrial following injury but not in the absence of injury. Three dimensional rendering suggests that this association is primarily within the OMM. This data provide imaging support for our physiological evidence suggesting that F-68 interacts with mitochondria to inhibit MOMP.
F-68 rescues hippocampal neurons from global brain ischemia in vivo
Having found that F-68 rescues neurons following OGD in vitro, we performed a pilot study to determine whether F-68 rescues neurons following transient HI in the Mongolian gerbil. This species has been frequently reported to have no posterior cerebral communicating arteries (PCAs, Levine and Sohn, 1969) , and transient occlusion of both carotid arteries (2VO) has been employed to induce global forebrain ischemia (for example : Kirino, 1982; Koo Hwang et al., 2006; Kowalczyk et al., 2009 ). However, we previously determined that Mongolian gerbils vary widely in the presence and caliber of PCAs, and that this variation determines the extent and laterality of injury following 2VO (Seal et al., 2006) . Accordingly, we induced consistent forebrain ischemia in this species using 2VO plus induced systemic hypotension (2VO-H), an approach used previously in mice and rats that results in severe bilateral injury to the CA1 region of the hippocampus (Hartman et al., 2005; von Euler et al., 2006; Wellons et al., 2000) . Control animals were subjected to a sham operation in which the same surgical procedures were performed without the induction of 2VO-H. To bypass the blood-brain-barrier, we administered F-68 (10 mM in aCSF) or aCSF alone into the lateral cerebral ventricle using an osmotic pump to provide continuous drug infusion for seven days. Animals were not evaluated for another 21e28 days after F-68/ placebo treatment was completed, in order to ensure that HIinduced neuronal death would be complete (Sugawara et al., 2002) .
Mean blood pressures during induction of ischemia were no different between sham and ischemic animals (Fig. 9A) . F-68 treatment did not alter the mean number of viable CA1 neurons seen in sham operated animals. However, 2VO-H followed by infusion of aCSF alone for seven days, resulted in almost complete killing of CA1 neurons at 21 days post ischemia ( Fig. 9B and C) . Notably, in animals subjected to 2VO-H then treated with F-68, the mean number of viable CA1 neurons 21 days post ischemia was significantly increased compared with ischemia plus aCSF (p < 0.001), with the mean number of viable neurons approaching the sham mean ( Fig. 9B and C) .
Having found that F-68 rescued hippocampal CA1 neurons from death following global forebrain HI, we asked whether this rescue was reflected in a reduction of HI-induced, hippocampus-dependent functional deficits. Accordingly, we induced global forebrain ischemia or sham in a separate cohort of animals, and administered F-68 or placebo to animals subjected to HI. Two weeks following HI or sham, we measured hippocampus-dependent spatial learning and memory, using the Morris water Maze (Morris, 1984) . To measure learning in a physical deficit-independent manner, we determined total distance swum during a trial.
The mean distances swum to the hidden platform were not significantly different between the groups during the first training session, indicating that the 2VO-H animals did not exhibit motor impairment (Fig. 10A) . As anticipated, animals subjected to sham operation/placebo infusion, demonstrated spatial learning, swimming progressively shorter distances to reach the platform over the course of the training sessions (Fig. 10A) . In contrast, animals subjected to 2VO-H/placebo infusion did not significantly decrease the distance swum over the training period (Fig. 10A) , suggesting that, as anticipated, 2VO-H significantly impaired spatial learning. In sharp contrast, in animals subjected to 2VO-H/F-68 infusion, the mean distance swum decreased progressively over the training sessions, demonstrating learning. Distances swum to the hidden platform on sessions 3 and 4 by the 2VO-H/F-68 group were significantly shorter compared with 2VO-H/placebo animals, but not significantly different from that of sham/placebo animals (Fig. 10A) . These data suggest that F-68 decreased the 2VO-Hinduced loss of spatial learning. The results of the probe trial are Fig. 9 . Continuous ICV administration of F-68 for 7 days following global forebrain ischemia rescues hippocampal CA1 neurons in the Mongolian gerbil. Top: Mean arterial pressures in Mongolian gerbils before and after blood withdrawal to induce hypotension prior to bilateral carotid occlusion, and after infusion of removed blood following restoration of carotid artery blood flow. Box and whisker plots: the upper and lower borders of the box denote the 75th and 25th percentiles of each group, respectively, and the line inside the box denotes the median. The upper and lower whiskers show the 90th and 10th percentiles, respectively. There is no significant difference between the F-68 and placebo groups in mean blood pressures. Middle:
Representative H&E stained 8 mm thick brain sections from each group at two different magnifications. Boxes denote the anatomically defined regions in which viable neurons were counted according to published criteria. Bar: 4x: 0.5 mm; 40x: 50 mm. Bottom:
Box and whisker plots of numbers of viable neuron within the CA1 region shamoperated animals and animals subjected to 2VO-H who then received continuous ICV administration. (Sham/placebo n ¼ 12; sham/F-68 n ¼ 10; 2VO-H/placebo: n ¼ 19; 2VO-H/F-68 n ¼ 23).*P < 0.001 compared with Ischemia.
shown in Fig. 10B . The median time spent in the correct quadrant by the 2VO-H animals was significantly smaller than that of the sham/ placebo animals, indicating that 2VO-H decreased spatial memory. In contrast, the median time spent in the correct quadrant by the 2VO-H/F-68 animals was significantly greater than that of the 2VO-H group, and not different from the sham/placebo group. Taken together, the anatomical and functional results of this pilot in vivo study suggest that F-68, when administered directly into the cerebral ventricle for seven days, rescues hippocampal neurons from global forebrain ischemia and reduces the loss of hippocampusdependent function that follows global forebrain ischemia.
Discussion
In its interactions with membranes, F-68 and other hydrophilic Pluronics constitute a novel approach to rescuing neurons from acute substrate deprivation. Initially believed to seal the plasma membrane following loss of membrane integrity, increasing numbers of studies in model membrane systems strongly suggest that hydrophilic Pluronics appose to membranes, rather than inserting into them Wang et al., 2010 Wang et al., , 2012 . In fact, insertion of hydrophobic Pluronics into membranes disrupts membranes in some systems, resulting in cell injury. Recently, the observation that F-68-induced rescue of neurons from substrate deprivation through blockade of mitochondrial apoptosis has delineated alternate mechanisms by which Pluronics rescue neurons. Our current observation that F-68 reduces tBID-induced MOMP in isolated mitochondria indicates that F-68 is active at mitochondrial membranes. In addition, the rescue by F-68 of mouse embryonic fibroblasts from staurosporine-induced MOMP provides evidence that F-68 acts at mitochondria of mammalian cells in general, rather than in a neuron-specific injury pathway. Finally, super-resolution imaging confirms that F-68 is present at and within the mitochondrial outer membrane of neurons after acute injury.
Since the initial observations that, after ischemia, BAX is upregulated in central neurons (Krajewski et al., 1995) , and translocates to neuronal mitochondria (Cao et al., 2001) , BAX has been observed to play a key role in multiple models of ischemia-induced neuronal death (Fan et al., 2012; Lai et al., 2014; Pei et al., 2014; Wang et al., 2011) . In addition to BAX, BID has been implicated in neuronal death following OGD in vitro and HI in vivo (Plesnila et al., 2001) , as well as in early cytochrome c release following HI (Yin et al., 2002) . Accordingly, our findings that F-68 blocks BAX translocation following OGD and reduces tBID-induced cytochrome c release in isolated mitochondria suggest that F-68 may abort MOMP through interactions with one or both proteins.
Activation of BAX by tBID requires interactions among tBID, BAX and mitochondrial cardiolipin (Kuwana et al., 2002; Lutter et al., 2000; Martinou and Youle, 2011; Raemy and Martinou, 2014) , although the mitochondrial carrier homolog MCTH2/ MIMP can replace cardiolipin as a tBID receptor (Raemy et al., 2016; Zaltsman et al., 2010) . Accordingly, F-68 induced inhibition of tBID binding to mitochondria and subsequent reduced recruitment of BAX to the OMM could underlie the action of F-68 following injury. Cardiolipin is a highly negatively charged phospholipid localized primarily to the inner mitochondrial membrane. tBID binds cardiolipin at the OMM through its central alpha helices (Petit et al., 2009 ), likely at sites of contact between the inner and outer mitochondrial membranes (Martinou and Youle, 2011) . Whether F-68, a nonionic molecule, preferentially adsorbs to cardiolipin or cardiolipin-containing structures is not known, although it is an attractive hypothesis for a phospholipidactive Pluronic. Determining whether and by what means F-68 may prevent translocation of tBID to mitochondria, or, perhaps, block its activity will improve understanding of its role in rescuing neurons from injury.
Caspase-dependent intrinsic apoptosis may play a smaller role in ischemic neuronal death than previously believed, yet BAX plays roles in other death pathways following neuronal ischemia. For example, BAX deficiency also reduces TUNEL-negative death in vitro and in vivo and reduces DJ m dissipation, possibly by regulating Ca þþ homeostasis at the ER (D'Orsi et al., 2015) . Nonetheless, injury to mitochondria remains an irreversible final common pathway to neuronal death following ischemia, suggesting that F-68 effects on mitochondria may provide an effective neuronal rescue strategy. Our proof-of-principle study of the efficacy of F-68 infusion following global HI in vivo raises the possibility that F-68, or similar molecules, may prove to have an important role in reducing neuronal injury following HI.
